Cyclamen (Cyclamen persicum Miller) is a popular plant for horticulture, and for many years, sales of seeds and saplings have benefited the economy of the Ena-Nakatsugawa district, Gifu Prefecture, Japan. This success can be attributed, in part, to the close attention that gardeners pay to diseases affecting the production of seeds and saplings. Several diseases of cyclamen are caused by fungi and bacteria, such as anthracnose (Colletotrichum gloeosporioides), bacterial bud blight (Pseudomonas marginalis pv. marginalis), fusarium wilt (Fusarium oxysporum Schlechtendahl f. sp. cyclaminis), gray mold (Botrytis cinerea), bacterial soft rot (Erwinia carotovora subsp. carotovora), and bacterial leaf blight (Pantoea agglomerans) (Database of Plant Diseases in Japan, NIAS GenBank, https://www.gene.affrc.go.jp/databases-micro_pl_dis-eases_en.php). In particular, anthracnose and bacterial leaf blight frequently occur in Gifu.
and Peypoux, 1994) . Several kinds of biological agrochemicals incorporating B. subtilis are registered as commercial pesticides against fungal-induced plant diseases in Japan. These agrochemicals are becoming increasingly popular as biopesticides. For example, Botokiller ® (Arysta LifeScience Co., Tokyo, Japan) is used for the control of B. cinerea and antibacterial biopesticides using non-pathogenic E. carotovora are commercially available as the brands Ecomate ® (Kumiai Chemical Industry Co., Ltd., Tokyo, Japan) or Biokeeper ® (Arysta LifeScience). However, there is no available pesticide that has both antifungal and antibacterial activities. In the present study, we isolated and characterized a bacterial strain possessing bacteriostatic and fungistatic activity against multiple pathogens of cyclamen.
Materials and Methods
Reagents and microorganisms. Luria-Bertani (LB) broth (Invitrogen, Carlsbad, CA, USA) and synthetic medium (SM) consisting of 14 g K 2 HPO 4 , 6 g KH 2 PO 4 , 2 g (NH 4 ) 2 SO 4 , 0.2 g MgSO 4 7H 2 O, and 1 g trisodium citrate dihydrate per liter (Honda et al., 1998) , were used for bacterial culture media. Potato dextrose agar and sensitivity test broth for determining the minimum inhibitory concentration (MIC) of bacteria were obtained from Nissui Pharmaceuticals (Tokyo, Japan). Potato dextrose broth was purchased from Becton, Dickinson and Company (Sparks, MD, USA). Other chemicals were purchased from Wako Pure Chemical Industries, Ltd, (Osaka, Japan). Escherichia coli NBRC 3301 (K-12) was used as a siderophore-positive and hydrogen cyanide-negative strain. Pantoea agglomerans NBRC 102470 T and Colletotrichum gloeosporioides MAFF 237943 were used as pathogens of cyclamen.
Mixed culture assay. Isolation of the bacterial strain with biocontrol activity was conducted as follows: The soil samples were collected at a depth of 10 20 cm from the ground surface in various locations in Gifu Prefecture, Japan. The soil was suspended in sterilized saline by shaking, and the soil suspension was serially diluted with sterilized saline. The diluent was spread onto an LB agar plate, which was pre-streaked with P. agglomerans NBRC 102470 T or C. gloeosporioides MAFF 237943. The bacterial colony causing the zone of growth inhibition was picked after 3 days of incubation at 25 C. This procedure was repeated at least three times for clonal purification of the bacterium.
Morphological and biochemical analyses. The isolated bacteria were grown on an LB agar plate, and growth and colony formation were observed. Colonies were stained with Favor G Nissui (Nissui Pharmaceuticals) and observed using light microscopy (Olympus model BX50F4, Tokyo, Japan). Cultures were grown aerobically using a reciprocal shaker (10 cm stroke, 100 oscillations/min) at 30 C in LB broth upon reaching logarithmic phase, and a 20 µl droplet of the culture on a mica disk was prepared for atomic force microscopy (AFM) imaging. AFM phase images were recorded using an SPM-9600 scanning probe microscope (Shimadzu Corporation, Kyoto, Japan) in tapping mode at room temperature. Images were taken using a Type NCHR-10 PointProbe ® (NanoWorld AG, Neuchâtel, Switzerland) with a spring constant of 42 N/m at a scan speed of 0.8 Hz.
The biochemical characteristics of the isolate were determined using an API system 20NE and an ID32GN API kit (bioMérieux, Lyon, France). To investigate substrate utilization, different supplementary carbohydrates were added at a final concentration of 0.5% (w/v) to the medium supplemented with an ID32GN API kit and the utility was estimated.
Genetic analysis. Genomic DNA was extracted from the isolate using a Wizard ® Genomic DNA Purification kit (Promega, Madison, WI, USA). The following oligonucleotides were synthesized as primers for amplification of the bacterial 16S rRNA gene: 9F, 5 -GAG TTTGATCCTGGCTCAG-3 ; and 1510R, 5 -GGCTACC TTGTTACGA-3 . Sequencing of the 16S rRNA gene fragments was performed using an ABI PRISM 3100 Genetic Analyzer System (Applied Biosystems, Foster City, CA, USA). Sequence analysis of the 16S rRNA gene was performed using BLAST (Altschul et al., 1997) at the Ribosomal Database Project (RDP, http://rdp.cme.msu.edu/). A phylogenetic tree was constructed using the neighbor-joining method with the CLUSTAL W program (Thompson et al., 1994) and MEGA (ver. 3.1) software (Kumar et al., 2004) .
Analysis of cellular fatty acid content. Extraction of bacterial fatty acids and the determination of their composition followed the procedures described in the manual (Version 6) for the Sherlock ® Microbial Identification System (Version 4.5) (MIDI, Inc., Newark, DE, USA).
Determination of the G+C content of bacterial DNA. Characterization of Alcaligenes faecalis AD15
We used an HPLC (Model LC-10; Shimadzu) to analyze enzymatically digested DNA (Katayama-Fujimura et al., 1984 ). An equimolar mixture of four deoxyribonucleotides (GC kit, Seikagaku Kogyo, Tokyo, Japan) was used as the quantitative standard.
Analyses of biocontrol compounds. Purification of bactericidal polyketides followed the method of Kamigiri et al. (1996) . In brief, culture supernatant was subjected to Diaion HP-20 (Mitsubishi Chemical Co., Tokyo, Japan) column chromatography (water/acetone), extracted with ethyl acetate, and purified by silica gel column chromatography (chloroform/methanol). Fifty microliters of the collected fraction was soaked into sterilized paper disc (8 mm in diameter) on the plate prestreaked with P. agglomerans, and the inhibitory zone was observed after 24 h incubation at 30 C. Assay for volatile organic compounds (VOCs) produced by the bacterium was performed using gas chromatographymass spectrometer (GC-MS). Strain AD15 was cultivated in LB broth for 24 h at 30 C. Ten milliliters of the culture was sampled in Shimadzu vial (27 ml volume, Shimadzu Co., Ltd., Kyoto, Japan), capped, and incubated for 5 min at 40 C. Five hundred microliters of the headspace was subjected to GC-17A GCMS-QP5000 (Shimadzu). GC-MS was performed as follows: DB1 (30 m 0.25 mm I.D. 0.25 µm thickness, Agilent Technologies, Inc., Santa Clara, CA, USA) was used for GC column. The temperature of GC oven was 40 C for 3 min, 40 250 C at 10 C/min, and held at 250 C for 5 min. MS scan range was 45 to 300 (m/z). Siderophore production was estimated using a Chrome Azurol S Agar plate assay (Schwyn and Neilands, 1987) . For detection of secreted bacterial β-glucanase and chitinase, LB agar plates containing 0.1% (w/v) lichenan (Walsh et al., 1995) and 0.1% (w/v) colloidal chitin (Garbeva et al., 2004) were used, and the formation of halo was observed. Hydrogen cyanide was detected using cyanide indicator paper (Cyan-Test, Wako). The hydroxylamine concentration in medium was measured according to the method of Frear and Burrell (1955) . To measure hydroxylamine production, a 1 1,000 dilution of an overnight culture (OD 600 = 0.16) was inoculated into the media and cultivated at 30 C with aeration using a reciprocal shaker (10 cm stroke, 100 osc/min). These experiments were performed in triplicate on separate occasions.
Hydroxylamine susceptibility. The susceptibility of P. agglomerans to hydroxylamine was evaluated as MIC. In brief, 50 µl of P. agglomerans culture (OD 600 = 0.16) was mixed with 12 ml of sensitivity test broth, and 20 µl of the mixture was inoculated into wells of a 96-well Multiwell™ plate (Becton-Dickinson) containing 180 µl of the test medium and hydroxylamine (0 50 mg/L). The MIC for C. gloeosporioides was evaluated according to the method of Honda et al. (1998) . The MIC was determined as residual concentration of hydroxylamine in the test culture broth after incubation for 24 h (P. agglomerans) or 48 h (C. gloeosporioides) at 30 C. These tests were performed in triplicate with freshly prepared media on separate occasions.
Results

Isolation of a bacterium that inhibits the growth of bacterial pathogens of cyclamen
In the mixed culture assay, 12 strains obtained from the soil in Gifu Prefecture, Japan, inhibited the growth of C. gloeosporioides MAFF 237943, which was the cause of anthracnose in cyclamen. Among these isolates, four strains also inhibited the growth of P. agglomerans NBRC 102470 T , which caused bacterial leaf blight in cyclamen. One of these, strain AD15, produced large inhibitory zones (over 5 mm in width) with both microorganisms. Therefore, we chose strain AD15 for our studies described here.
Morphological properties of strain AD15
The morphological properties of strain AD15 were as follows: strain AD15 grew on LB agar plates as smooth-surfaced, light yellow colonies with a diameter of less than 1.0 mm after aerobic incubation for 48 h at 30 C. Strain AD15 grew at temperatures ranging from 25 C to 45 C. Light microscopy revealed that the cells were Gram-negative bacilli and non-sporulating. Using AFM, we determined that the cells were approximately 0.6 0.7 µm wide and 1.0 1.2 µm long with peritrichous flagella (3 5 µm long and 8 nm in diameter) (Fig. 1) . Strain AD15 formed clumps consisting of several cells.
Genetic analysis of strain AD15
The 1,414 base-long nucleotide sequence of the 16S rRNA gene of strain AD15 was determined and deposited in DDBJ/GenBank/EMBL under accession number AB741081. The identity of strain AD15 was determined by comparing the 16S rRNA gene sequence with those in GenBank. (Fig. 2) . Therefore, strain AD15 was identified as A. faecalis (and referred to as such in the text that follows), a subspecies of A. faecalis.
Biochemical characteristics of A. faecalis AD15
The cells were found to be non-sporulating and motile aerobes. Catalase and oxidase assays were positive, and nitrate reduction and indole production were negative. A. faecalis AD15 utilized n-capric acid, DLmalic acid, citrate, phenyl acetate, malonate, acetate, lactate, L-alanine, propionate, n-valerate, L-histidine, 3-hydroxybutyrate, L-proline, and L-tryptophan as carbon sources, but did not utilize other carbon sources including D-glucose, L-arabinose, D-mannose, D-mannitol, N-acetyl-D-glucosamine, maltose, gluconate, adipic acid, L-rhamnose, D-ribose, inositol, saccharose, itaconic acid, suberic acid, 5-ketogluconic acid, glycogen, m-hydroxybenzoic acid, L-serine, salicin, D-melibiose, L-fucose, D-sorbitol, L-arabinose, 2-keto-D-gluconic acid, and p-hydroxybenzoic acid. Further, the strain hydrolyzed neither esculin, gelatin, nor starch. A. faecalis AD15 produced cytochrome oxidase, but not arginine dihydrolase, urease, β-galactosidase, or lipase. The major fatty acids were C 16:0 (32.8%), C 17:0 cyclo (25.7%), and C 18:1 w7c (9.86%). The G+C content of A. faecalis AD15 genomic DNA was 57.8%.
The biochemical properties of the four strains that are closely related to strain AD15 as shown by the phylogenetic tree were summarized in Table 1 (Rehfuss and Urban, 2005; Schroll et al., 2001; van Trappen et al., 2005) . Except for assimilation of L-serine, valerate, and α-hydroxybutyric acid as well as nitrite reduction, strain AD15 was quite similar to A. faecalis subsp. faecalis LMG 1229 T . Moreover, its fatty acid composition also closely resembled that of strain LMG 1229 T with respect to the major compounds (C 16:0 , C 17:0 cyclo and C 18:1 w7c) ( Table 2 ) (Rehfuss and Urban, 2005; Schroll et al., 2001; van Trappen et al., 2005) .
Identification of a biocontrol compound from A. faecalis AD15
Through the purification process of bactericidal polyketide, the biocontrol activity was rapidly lost, and no inhibitory zone was observed in any fraction from the silica gel column chromatography process. The results showed that a biocontrol compound produced from A. faecalis AD15 was unstable. No ion fragment corresponding to fungistatic VOC candidates like acet- amide, benzothiazole, phenylacetaldehyde, 1-decene, methanamine, 1-butanamine, or benzaldehyde (Zou et al., 2007) was detected by GC-MS. Tests for siderophore, β-glucanase, chitinase, and hydrogen cyanide production were also negative. Only hydroxylamine was positive. We next examined the time course of production of hydroxylamine by A. faecalis AD15 cultivated in LB or SM (Fig. 3) . The maximum yield of hydroxylamine was 33.3 1.7 mg/L after 16 h cultivation in LB and 19.0 0.44 mg/L after 19 h cultivation in SM.
Biocontrol activity of hydroxylamine against pathogens of cyclamen
In the hydroxylamine susceptibility test, we found that hydroxylamine was easy to decompose through Mean percentage of total fatty acid is given for strain AD15. Data are from Rehfuss and Urban (2005) , Schroll et al. (2001) , van Trappen et al. (2005) , and this study. 
Discussion
We report here the isolation and characterization of a strain of A. faecalis designated AD15 that exhibited bacteriostatic and fungistatic activities. The identity of AD15 was revealed by the sequence of its 16S rRNA gene, which was 99.1 97.3% identical to those of Alcaligenes species, including A. faecalis and A. aquatilis. The phylogenetic tree indicates that strain AD15 belongs to the same cluster as other A. faecalis subspecies (Fig. 2) . The morphological and biochemical properties (Tables 1 and 2) indicate that strain AD15 is most closely related to A. faecalis subsp. faecalis.
Alcaligenes sp. YL-02632S Tokunaga et al., 1996) , Pseudomonas batumici (Smirnov et al., 2000) , and P. fluorescens (Mattheus et al., 2010) produce polyketides kalimantacin/batumin that are bacteriocidal for Staphylococcus aureus. Zou et al. (2007) reported that A. faecalis MHS033 and MHS013 produces fungistatic VOCs, such as methanamine, 1-butanamine, and/or benzaldehyde. It was also reported that A. faecalis BCCM 2374 excretes the fungicidal siderophore bavistin (Sayyed and Chincholkar, 2009 ). Moreover, Kavroulakis et al. (2010) reported that Alcaligenes sp. AE1.16 produce β-glucanase, chitinase and hydrogen cyanide as biocontrol agents.
Bactericidal polyketides, fungistatic VOCs, β-glucanase, chitinase, hydrogen cyanide, and siderophore were not detected from A. faecalis AD15, but hydroxylamine was detected. A. faecalis No. 4 was introduced as a fungistatic bacterium, because it produces hydroxylamine (Honda et al., 1998; Joo et al., 2005) . There is no taxonomical data for A. faecalis No. 4 available for comparison with that of A. faecalis AD15.
It is difficult to evaluate the biocontrol activity of hydroxylamine because it is unstable, particularly in the presence of iron and high temperature (Iwata and Koseki, 2003) and would be gradually consumed in culture medium. Honda et al. (1998) estimated the biocontrol activity of hydroxylamine against F. oxysporum and determined the MIC value as 10 mg/L. In the present study, the MIC values were 4.20 0.98 mg/L (against P. agglomerans) and 16.5 0.67 mg/L (against C. gloeosporioides). Considering the level of hydroxylamine production (33.3 1.7 mg/L after 16 h cultivation in LB medium and 19.0 0.44 mg/L after 19 h cultivation in synthetic medium), A. faecalis AD15 would produce enough hydroxylamine to exert biocontrol activity against these pathogens in the culture medium, whereas the biocontrol activity of hydroxylamine was gradually lost upon extended cultivation, even if hydroxylamine was added over the MIC. Hence, hydroxylamine was bacteriostatic and fungistatic but not bactericidal or fungicidal.
In conclusion, we demonstrate here that A. faecalis AD15, which was isolated from soil in Gifu Prefecture, exerts biocontrol activity against pathogens of cyclamen. Taxonomic analyses indicated that strain AD15 belongs to A. faecalis. A. faecalis AD15 produces hydroxylamine as a biocontrol compound and has the potential to be a good candidate as a low persistent biopesticide. We are now investigating the suppressive effect of strain AD15 on the damping-off of cyclamen caused by P. agglomerans and C. gloeosporioides in soil and plant systems. 
